The effect of carbon content on thermal properties of cast superinvar alloys subjected to two-stage annealing is studied. It is shown that carbon improves the casting properties of the alloys but raises the temperature coefficient of linear expansion (CTLE). Two-stage high-temperature annealing makes it possible to remove carbon from the solid solution and to transfer it into graphite, which is accompanied by decrease in the CTLE.
INTRODUCTION
Invar and superinvar alloys belong to a group with special thermal properties [1] . One of the main characteristics of such alloys is the temperature coefficient of linear expansion (CTLE). The alloys have a low and constant CTLE in a specific temperature range known as the invar interval. They are applied primarily in instrument making for fabricating equipment components that should have permanent sizes. By the data available [2] the alloys in question are also used in the oil and gas industry.
A typical structure responsible for invar properties of alloys is an iron-nickel ferromagnetic solid solution with an fcc lattice. The invar interval is determined by point M s on the side of low nickel concentrations and by the Curie point on the side of elevated nickel concentrations. A classical invar alloy contains 36% Ni and iron as the remainder. It has been suggested in the middle 1930s (primarily by Japanese researchers [1] ) that a part of nickel atoms in an invar should be replaced by cobalt atoms. Such alloys are known as superinvars. The relevant literature contains much information on the thermal properties of deformable invar alloys [1] . Today it has become necessary to produce complex-shape parts from invar and superinvar alloys, which are hard and sometimes even impossible to form by pressure treatment.
These are articles for the rocket and space industry, optoelectronics, tracker stations, etc. It is known [3] that alloys with a structure of solid solution have low casting properties and acquire flaws like pores and discontinuities during casting.
Processes for casting invar parts with carbon additives are developed today in different countries (Japan, USA, Russia). The action of carbon on the properties of invar and superinvar alloys is ambiguous. A low content of carbon promotes growth in the strength properties of invar and superinvar alloys and widens the invar interval [1] . In the presence 0.5 wt.% and higher concentrations of carbon the casting properties of invars are improved substantially making it possible to obtain quality castings. However, considerable carbon concentrations in invars raise the CTLE, which is not desirable. For this reason, cast articles from carbon invar and superinvar alloys should be annealed for removing carbon from the solid solution and forming graphite. Graphite also raises the CTLE of invar and superinvar alloys. However, the volume fraction of graphite is relatively low and its effect is much lower than that of carbon present in the solid solution. Thus, we may speak of "temporary alloying" of invar and superinvar alloys with carbon. Castings from carbon invar alloys are commonly subjected to two-stage annealing at 960°C for 4 h and at 680°C for 2 h. This mode of heat treatment of castable carbon invars promotes segregation of an enough volume of carbon from the solid solution and lowering of the CTLE. It should be noted that dendritic segregation is another factor affecting the CTLE of castable invar al- The mode of two-stage annealing applied to castable invar and superinvar alloys differs from the classical heat treatment (quenching or quenching followed by low-temperature tempering) of deformable invars. In particular, the second annealing promotes considerable relaxation of residual stresses, both peak ones and background ones, which is a necessary condition for stable operation of articles in the whole of the invar range.
At the same time, there is an opinion that every group of invar and superinvar alloys should be heat treated in an individual mode [1] , which is especially important for castable invars because the crystallization process depends considerably on the mass of the article, on the development of dendritic segregation, on the rate of crystallization and on other factors.
The aim of the present work was to study the functional properties of castable invar and superinvar alloys with different contents of carbon after two-stage annealing.
METHODS OF STUDY
The alloys studied were melted from pure blend materials, i.e., nickel of grade N1 and cobalt of grades K0 and K1. Under laboratory conditions we melted carbon invar and superinvar alloys with different carbon contents and, for comparison, a carbon-free alloy Fe -31.0% Ni -10% Co (see Table 1 ).
We studied the structure of the invar alloys after casting and two-stage annealing at 960°C for 4 h and at 680°C for 2 h. In an unetched condition graphite segregations with various shapes and sizes distributed over the volume were observed under a magnification of´200. To determine the volume fraction of free graphite we used the method of Glagolev [4] . The structure of the dendrites was studied with the help of an Altami MET 1M microscope under a magnification of´200. We used a Jeol JSM 5900LV (Japan) scanning electron microscope equipped with an Inca Energy 200 (Oxford, Great Britain) energy dispersive spectrometer for microscopic x-ray spectrum analysis and for determining the content of elements over cross section. We estimated the maximum and minimum concentrations of the elements. The variation of the lattice parameter during annealing of the cast invar alloys was determined in cobalt K a radiation using a DRON-2 diffractometer. The microhardness of the alloys was measured with the help of a PMT-3 device under a load of 0.5 N. To determine the CTLE we used specially designed low-temperature and high-temperature dilatometers. We established that the matrix of the alloys had a superinvar composition with 30% Ni + 10% Co. If necessary, we determined the mean values of the CTLE in specific temperature ranges, i.e., a 20-200 and a 20-400 .
RESULTS AND DISCUSSION
A typical structure of carbon and carbonless castable superinvar alloys is a dendrite-cellular one. As an example, we present such a structure in Fig. 1 .
Cast superinvar alloys possess a dendritic structure, where carbon refines considerably the structure of the dendrites. Graphite segregations are observed primarily in dendrite spacings, where the carbon content can be elevated due to the development dendritic segregation with respect to carbon. We studied the morphology, the size, and the arrangement of graphite on unetched laps. Graphite inclusions of different sizes and shapes can be seen in Fig. 2 , where the larger inclusions represent the primary graphite segregated directly due to crystallization, wheres the smaller inclusions seem to have formed due to annealing. The graphite inclusions formed in the annealing process can be located over the whole of the volume of the lap (Fig. 2a and b ) . In some cases they have the form of rings (Fig. 1c) lying presumably over boundaries of coarse grains of the solid solution formed after partial weakening of the dendritic segregation. It should be noted that graphite can also be segregated in dendrite spacings. Graphite inclusions may have a globular or a vermicular shape, and the volume fraction of free graphite increases upon growth in the carbon content in the alloy. A high content of carbon in the alloy causes graphite segregation in the form of a net over grain boundaries of the solid solution.
The lattice parameter of the solid solution increases regularly upon growth in the carbon content in the alloy, which indicates preservation of some dissolved carbon, the proportion of which can be lowered in the alloy by subsequent annealing.
To provide a fuller segregation of carbon from the solid solution of the alloys we subjected the latter to a high-temperature annealing at 1000°C for 6 h and cooling with the furnace. Such annealing did not remove the dendritic structure, but the boundaries of the dendrites became smeared and the content of free graphite increased. A study of the graphite segregations showed that they were larger after the crystallization than after the annealing.
To consider the variation of the concentrations of the base nickel and cobalt components over the volume we resorted to a microscopic x-ray spectrum analysis. We studied the alloys in cast and annealed conditions. The distribution of nickel and cobalt over the cross section of the ingots was quite uniform without peak concentrations, but we detected some growth in their contents on the boundaries of dendrite cells (Fig. 3) . Annealing levels the concentrations of nickel and cobalt; their maximum content in the volume of a dendrite cell decreases by about a factor of 2. Note that the development of dendritic segregation in cast invar alloys is low, which is explainable, in particular, by the small range of crystallization and the high diffusivity of nickel and cobalt, which are not carbide forming elements, in the iron-nickel solid solution. It is known that growth of the crystallization range intensifies dendritic segregation in the alloy. On the other hand, the relatively low development of dendritic segregation prolongs the time to its complete removal. Computations show that complete removal of dendritic segregation and leveling of the chemical composition over the volume takes several tens of hours at a temperature of 1200°C. However, it should be stressed that the segregation of graphite in castable carbon superinvars occurs quite intensely, which makes it possible to obtain the required mean values of the CTLE and to use these annealing modes for specific commercial articles.
It should be noted that the data obtained allow us to determine the temperature ranges corresponding to intense enough segregation of carbon. Figure 4a presents the volume fraction of graphite in alloys with different carbon contents.
These results are not strict and do not reflect complete segregation of excess carbon from the solid solution. Figure 4b shows the variation of the lattice parameter of g-sold solution as a function of carbon content in the alloy. It can be seen that the lattice parameter increases upon growth in the carbon content.
The microhardness of the annealed carbon superinvar alloys matches approximately the microhardness of iron-nickel alloys studied in other works. Figure 5 presents the results of measurements of the CTLE of carbon superinvar alloys in cast and annealed states.
It can be seen that the CTLE of all the cast superinvar alloys increases upon heating. The lowest value of the CTLE has been obtained for the classical carbonless superinvar (alloy 1 ), i.e., a 20-400 = 3.92´10 -6 K -1 . At the same time, the carbon castable superinvar alloys exhibit quite low values of 
